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Signal averaged P wave compared with standard
electrocardiography or echocardiography for
prediction of atrial fibrillation after coronary

bypass grafting

P J Stafford, S Kolvekar, J Cooper, J Fothergill, F Schlindwein, D P deBono, T J Spyt,

CJ Garratt

Abstract

Objective—To define the clinical value of
the signal averaged P wave (SAPW) and
to compare it with the standard electro-
cardiogram (ECG), echocardiogram, and
clinical assessment for the prediction of
atrial fibrillation after coronary bypass
grafting (CABG).

Design—Prospective validation cohort
study.

Setting—Regional cardiothoracic centre.
Patients—201 unselected patients under-
going first elective CABG were recruited
over six months. Patients requiring con-
comitant valve surgery were excluded.
Main outcome measures—Age, sex, car-
diothoracic ratio, and cardioactive drugs
were noted. P wave specific SAPW
recordings, ECG, and M mode echocar-
diograms from which left atrial diameter
was measured were performed within 24
hours of surgery. Filtered P wave dura-
tion (SAPWD), spatial velocity, and
energy were calculated from the SAPW.
From the ECG;, lead II P wave duration, P
terminal force in lead V1, total P wave
duration, and isoelectric interval were
measured. Patients had Holter monitor-
ing for 48 hours postoperatively and daily
ECGs until discharge.

Results—Two patients died (1%) and 10
were unsuitable for analysis (5%). Of the
remaining 189, 51 (27%) had atrial fibril-
lation (AF) lasting > 1 hour at a mean of 2
(05 to 7) days after CABG. Of the vari-
ables examined, only SAPWD (AF group
148 (SD 12), v 142 (14) ms, P = 0-008) and
male sex (AF group 96%, v 78%, P < 0-01)
were significantly different. A prospec-
tively defined SAPWD of > 141 ms pre-
dicted atrial fibrillation with positive and
negative predictive accuracies of 34% and
83%. Logistic regression analysis identi-
fied both male sex and SAPWD as signifi-
cant independent predictors of post-
operative atrial fibrillation.
Conclusions—Signal averaged P wave
duration was a better predictor of atrial
fibrillation after coronary bypass grafting
than standard electrocardiographic or
echocardiographic criteria. The predic-
tive value of this test is such that it is
likely to be useful in the design of
prospective trials of prophylactic antiar-
rhythmic treatment but is of limited use

using current techniques in the clinical
management of individual patients.

(Heart 1997;77:417-422)
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Although atrial fibrillation remains the most
common postoperative arrhythmia that occurs
after coronary artery bypass grafting (CABG),
definite clinical predictors have not been iden-
tified.!> The incidence of atrial fibrillation
after CABG varies between 10% and 40%.*
While this arrhythmia is rarely fatal, it can
cause significant discomfort from palpitations,
dyspnoea, and occasionally chest pain, it is
associated with a thromboembolic risk, and it
delays hospital discharge.

Evaluation of the characteristics of the sur-
face P wave from the standard electrocardio-
gram has been found by Buxton and
Josephson to be moderately predictive of post-
operative atrial fibrillation.” Recently two
groups have investigated signal averaged elec-
trocardiography of the surface P wave as a pre-
dictor of atrial fibrillation after CABG.°” In
one of these investigations patients with valve
surgery were included in the patient group
studied,® and in the other only a small number
of patients were examined.” The predictive
value of the signal averaged P wave was mod-
erate in both of these studies and it has been
suggested that analysis of the standard electro-
cardiogram may be as good as analysis of the
more technically difficult and time consuming
signal averaged electrocardiogram performed
in these investigations.®

The aim of the prospective investigation
described here was to compare directly the
predictive value of standard electrocardiogra-
phy, left atrial dimension derived from M
mode echocardiography, and P wave charac-
teristics after P wave specific signal averaging
for the development of atrial fibrillation after
CABG in a large group of patients undergoing
first elective CABG.

Methods

STUDY DESIGN

Two hundred and one patients were recruited
over a six month period from those attending
our institution for first elective isolated
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CABG. Patient recruitment was limited by the
availability of Holter monitoring recorders. No
other selection criteria were applied. Patients
with minor degrees of valve disease that did
not require operative intervention were not
excluded, nor were those with previous
arrhythmia. All patients gave informed con-
sent to the study, which was approved by the
hospital ethics committee.

In the 24 hours before CABG, patients
underwent standard 12-lead electrocardiogra-
phy, echocardiography including colourflow
examination, and P wave specific signal aver-
aging. Demographic variables, the presence or
absence of clinical signs of cardiac failure, the
cardiothoracic ratio from the erect preopera-
tive PA chest x ray, preoperative cardiac med-
ication, previous myocardial infarction, and
previous cardiac arrhythmia were also
recorded. Postoperatively patients were moni-
tored continuously by both telemetry and
Holter monitoring for the first 48 hours after
surgery. Thereafter they had daily electrocar-
diograms, with additional studies if symptoms
were reported. Sustained atrial fibrillation was
defined as atrial fibrillation that lasted at least
one hour on Holter monitoring, or which was
documented on two standard electrocardio-
grams taken one hour apart. At discharge the
patient’s cardiac rhythm was noted and their
drugs recorded. Special attention was paid to
B blocker withdrawal during the perioperative
period.*

STANDARD ELECTROCARDIOGRAPHY

Standard electrocardiograms were performed
using a Hewlett Packard Pagewriter machine
with high pass and notch filters switched off.
Analysis was performed on magnified leads I,
II, III, and V1 as described by Buxton and
Josephson® and Morris et al.° Lead II P wave
duration was defined as the time from the ear-
liest onset of P wave activity in lead II to the
last P wave activity in this lead. Total P wave
duration was the time from the earliest onset
of P wave activity in any of leads I, II, or III to
the last P wave activity in any of these leads.
The isoelectric interval was the difference
between lead II P wave duration and total P
wave duration (fig 1). Lead V1 was used to
measure the P terminal force in lead V1
(PTF,,), defined as the duration of the terminal
(negative) part of the P wave in lead V1 in sec-
onds multiplied by its depth in millimetres
(assuming normal calibration) (fig 2). If the
terminal P wave was positive the duration and
amplitude of the portion of the P wave after
the notch usually seen towards the centre of
the waveform was measured. All measure-
ments were performed by two independent
observers. Interobserver variability was 10 ms
(7-8%) for lead II duration, 9 ms (6:6%) for
total P wave duration, 5 ms (33%) for isoelec-
tric interval, and 0-005 (33%) for PTF,,.

ECHOCARDIOGRAPHY

All patients underwent standard M mode,
cross sectional, and colourflow echocardiogra-
phy (HP Sonos 1500 or Sonos 2000).
Diastolic left atrial diameter was measured

A = Lead Il duration
B = Total P wave duration
Isoelectric interval (IEl) =B - A
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Figure 1 Measurement of P wave duration, total P wave
duration, and isoelectric interval. Magnified standard
leads I, II, and III are shown. P wave duration (A) is

ed from dard lead II. Total P wave duration
(B) is the interval berween the earliest atrial activation
seen in either leads I, II, or I1I to the latest deflection in
any of these leads. The isoelectric interval is the difference
berween rotal P wave duration and P wave duration
measured from lead II (that is, B-A). After Buxton et al.’

from the M mode echocardiogram at the level
of the aortic root using on screen callipers.

SIGNAL AVERAGED ELECTROCARDIOGRAPHY

Our signal averaging and P wave analysis
methodology has been described previously.'®
Subjects were recorded supine and relaxed in
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PTFy, = a(mm) x b(s)

Figure 2 Determination of the P terminal force (PTF,,).
This measure of left arrial abnormality is defined as the
maximum amplitude of the terminal negative portion of the
P wave in lead V1 in mm multiplied by its duration in
seconds. In cases where the terminal portion of the P wave
is not negative it is defined as extending from the region
where the P wave is notched to its end and the PTF,, will
have a positive sign.
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Table 1 Clinical and demographic variables

AF (n (%))* SR (n (%) * P
Age 62-8 (7-8) 606 (7-0) NS
Male sex 49 (96) 108 (78) <0-01
Diagnosis 1: AVD 1: AVD NS
1: MVD 3: CCF NS
Admission drugs
B blocker 38 (75) 98 (71) NS
Calcium antagonist 33 (65) 91 (66) NS
Amiodarone 1(2) 4 (3) NS
Digoxin 0 (0) 4 (3) NS
Previous arrhythmia
PAF 3 (6) 5(4) NS
Palpitations 10 (20) 27 (20) NS
VF 0 (0) 2() NS
Previous MI 32 (63) 72 (52) NS
Heart failure
1(2) 7(5) NS
Crackles 1(2) 4 (3) NS
Oedema 3 (6) 19 (14) NS
Discharge drugs
B blocker 7(13) 25 (18) NS
Calcium antagonist 5 (10) 16 (12) NS
Amiodarone 5(10) 1(1) NS
Digoxin 30 (59) 11 (8) < 0-001
B blocker withdrawal 32 (63) 78 (57)

*All values are n (%) except for age which is presented as mean (SD) in years. MVD, minor
mitral valve disease; AVD, minor aortic valve disease; CCF, congestive cardiac failure; PAF,
previous paroxysmal atrial fibrillation; VF, ventricular fibrillaton; MI, remote myocardial
infarction; JVP, raised jugular venous pressure.

a quiet room. A modified orthogonal lead sys-
tem was used. Between 100 and 200 beats
were averaged to give a final filtered noise level
of <0-2 uV and an estimated low pass cutoff
frequency of at least 70 Hz. Analogue signals
were amplified between 4000 and 10 000
times, and bandpass filtered between 1 and
300 Hz. A fourth, trigger signal was derived
from one of the orthogonal leads and used to
align P waves during signal averaging. The lat-
ter signal was bandpass filtered between 20
and 50 Hz. Analogue data were then digitised
at 1 kHz with 12 bit resolution.

Voltage threshold triggering using the R
wave of the signal selected for the trigger chan-
nel was used to identify each electrocardio-
graphic cycle. However, P waves were then
aligned by template matching to an evenly
spaced 15 point P wave derived template (that
is, true P wave triggered averaging). An algo-
rithm that automatically determined the most
frequently occurring P wave morphology for
each subject was used to select the averaging
template. P waves with morphologies that
failed to match this template accurately were
rejected from the signal average. This tech-
nique averaged the most common P wave

Table 2 Preoperative investigation results

AF SR P
Chest x ray CTR 0-49 (0-05) 0-49 (0-05) NS
Standard ECG
Duration 128 (24) 127 (79) NS
Vi —0-02 (0-03) —0-01 (0-03) NS
Total duration 139 (29) 136 (26) NS
1EI 13-5 (17-11) 16-2 (18'5) NS
Left atrial diameter 3-6 (0-4) 36 (0-4) NS
Signal averaged ECG
Noise 0-19 (0-08) 0-17 (0-08) NS
Duration 148 (12) 142 (14) 0-008
Mean SV 3-29 (0-86) 3-26 (0-89) NS
Peak SV 12:35 (4°1) 12-46 (4-4) NS
Ratio peak/mean SV 3-74 (0-73) 3-78 (0-69) NS
P20 34-1 (16-1) 34-4 (17-2) NS
P30 19-8 (10-3) 20-9 (10-3) NS
P40 8-56 (3-91) 9-76 (4:61) NS
P60 2-80 (1-47) 272 (1-28) NS
P80 1-20 (0-80) 1-17 (0-60) NS

Values are mean (SD). CTR, cardiothoracic ratio; SV, spatial velocity, P20, P30, etc, energy in
frequency bands from 20, 30, etc Hz to 150 Hz after spectral analysis; PTFy,, P terminal force in
lead V1 after Morris et al® IEI, isoelectric interval after Buxton ez al.’
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morphology for a particular individual to a
close tolerance, ensuring high fidelity of the
resultant averaged waveform.

After averaging, P wave signals were high
pass filtered at 40 Hz using a 30 term finite
impulse response filter and a vector magnitude
plot was constructed. P wave limits were set
automatically by an algorithm that identified
the start of the P wave as the point at which
the vector magnitu.de rose to more than three
standard deviations above its baseline value
and the P wave endpoint as the point at which
the vector magnitude fell to within three stan-
dard deviations of the baseline value of the
minimum PR segment magnitude. These limits
were used to determine the P wave duration.
Spatial velocity—the rate of change of the P
wave voltage with respect to time—was calcu-
lated by digital differentiation between the
limits defined above and mean, peak, and the
ratio of peak to mean spatial velocity were
measured. Spectral analysis comprised Fourier
transformation of the entire unwindowed P
wave after filtering at a high pass of 15 Hz.!°
From the resultant power density spectrum,
the total energy contained in frequency bands
from 20, 30, 40, 60, and 80 to 150 Hz was cal-
culated.

Using the above signal averaging system we
have found P wave duration to be a repro-
ducible measurement!! (coefficient of repro-
ducibility 15ms (11%)), although spatial
velocity and P wave energy were less repro-
ducible (for example, mean spatial velocity
1-44 mV/s (31%), P20 10-7 uV?/s (24:6%))

STATISTICAL ANALYSIS

Categorical variables are presented as n (%).
Continuous data are presented as mean (SD).
Univariate comparisons between patients
developing atrial fibrillation and those who did
not were made by the )2 test for categoric data
and the unpaired ¢ test for continuous data.
Multivariate analysis was by logistic regres-
sion.

Results

PATIENT CHARACTERISTICS

Of the 201 patients studied two (1%) died in the
early postoperative period and 10 (5%) were
excluded from analysis because of power-fre-
quency contamination of their signal averaged P
wave recordings leading to filtered noise levels of
more than 0-3 uV. Of the remaining 189 patients
51 (27%) developed sustained atrial fibrillation
at two (0-5 to 7) days after CABG. The age of
the patients developing atrial fibrillation was
62-8 (1-1) years and of those remaining in sinus
rhythm 60-6 (0-6) years (P = NS). There were
significantly more males in the atrial fibrillation
group than in the group who remained in sinus
rhythm (49 (96%) v 108 (78%), P < 0-01). No
other significant differences in clinical variables,
prevalence of preoperative arrhythmia, admis-
sion drugs, discharge drugs, or 8 blocker with-
drawal were noted apart from the expected
excess of digoxin use at discharge in patients
who had developed atrial fibrillation (30 (59%) v
11 (8%), P < 0-001) (table 1).
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Figure 3  Difference in signal averaged P wave duration,
total P wave duration measured from the standard
electrocardiogram, and left atrial diameter in patients
developing atrial fibrillation and those remaining in sinus
rhythm after coronary bypass surgery. Mean values are
presented. Only signal averaged P wave duration was
significantly different between the groups.
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Figure 4 Receiver operator curves for signal averaged P
wave duration, total P wave duration from the standard
electrocardiogram, and left atrial diameter for prediction of
atrial fibrillation after coronary bypass grafting. Sensitivity
is plotted against 1— specificity for a range of cutoff values
for each variable. Deviation towards the top left of the
graph by the curve representing signal averaged P wave
duration implies increased discriminant ability over the
other variables presented.

PREOPERATIVE ELECTROCARDIOGRAPHY AND
ECHOCARDIOGRAPHY

No significant differences were observed
between patients developing atrial fibrillation
and those remaining in sinus rhythm in any vari-
able derived from the standard electrocardio-
gram, or in left atrial diameter derived from the
M mode echocardiogram. Filtered signal aver-
aged P wave duration was significantly longer in
patients who developed postoperative atrial fib-
rillation (148 (12) ms v 142 (14) ms, P =
0-008) (table 2) (fig 3).

Logistic regression analysis was performed on
significant univariate predictors of postoperative
atrial fibrillation. We have previously defined a
filtered signal averaged P wave duration of more
than 141 ms as predictive of paroxysmal atrial
fibrillation.'? Both male sex (odds ratio 2-4 (1-1
to 5-'1), P =002) and the prospectively
defined signal averaged P wave duration cutoff
(odds ratio 1-5 (1-0 to 2:0), P = 0-04) were
identified as significant independent predictors
of postoperative arrhythmia. A P wave duration
of more than 141 ms predicted atrial fibrillation
after CABG with a sensitivity of 73%, specificity

of 48%, positive predictive accuracy of 34%,
and negative predictive accuracy of 83% (fig 4).

Discussion

Our findings in a large homogeneous group of
patients undergoing first elective CABG sug-
gest that of the multiple preoperative clinical,
electrocardiographic, and echocardiographic
variables that we studied the only predictors of
atrial fibrillation after CABG were filtered P
wave duration, measured from the signal aver-
aged electrocardiogram, and patient sex. After
adjustment for the difference in sex between
patients who developed atrial fibrillation after
CABG and those who did not by logistic
regression analysis, P wave duration remained a
significant independent predictor. However,
although signal averaged electrocardiography
was a better predictor of postoperative atrial
fibrillation than standard electrocardiography
or echocardiography in these patients, the pre-
dictive ability of this technique was not high.
The value of the technique for routine preop-
erative clinical use in individuals is therefore
likely to be limited. No differences in measures
of P wave energy or spatial velocity were noted
in this group of patients, in contrast to the dif-
ferences that we and others have reported
between patients with paroxysmal atrial fibril-
lation and controls without arrhythmia.!?!?
This may be related to the poor reproducibility
of these measures.'!

Two previous groups have reported their
experience with the use of preoperative signal
averaged electrocardiography to predict atrial
fibrillation after CABG.®” Steinberg and col-
leagues analysed preoperative signal averaged
P wave recordings in 130 patients, 21 (16%)
of whom underwent valve surgery rather than
isolated CABG.® In their series, signal aver-
aged P wave duration was the only preopera-
tive predictor of postoperative atrial
fibrillation, with a sensitivity of 77%, speci-
ficity of 55%, and positive and negative pre-
dictive accuracies of 37% and 87%. Despite
their inclusion of patients undergoing valve
surgery in this series (which is likely to
improve the apparent predictive ability of the
signal averaged P wave for atrial fibrillation),
these values are similar to those reported in
our current analysis. Additionally, the cutoff
value for P wave duration employed by
Steinberg was similar, at 140 ms, to that
reported in our current study, despite the use
of a different P wave averaging system, sug-
gesting that P wave duration may be similar
between these two systems which both used
non-recursive filtering of the signal averaged P
wave before duration was measured. Klein ez
al also found that P wave duration was predic-
tive of atrial fibrillation after CABG.” These
investigators excluded patients who under-
went valve surgery, but analysed only 54 sub-
jects. In these patients, P wave duration
predicted postoperative atrial fibrillation with
a sensitivity of 69%, specificity of 79%, posi-
tive predictive accuracy of 65%, and negative
predictive accuracy of 82%. These values, in a
small number of subjects, are considerably
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better than those reported by ourselves and
Steinberg, but may reflect the small number of
patients studied.

Recently Frost et al have reported a compar-
ison of P wave duration from the standard
electrocardiogram and from the signal aver-
aged electrocardiogram using a commercial
system.'> In contrast to our investigation and
those of both Steinberg et al and Klein er al
these investigators found that P wave duration
measured from the standard electrocardio-
gram was slightly, but significantly, greater in
patients who developed postoperative atrial
fibrillation, whereas signal averaged P wave
durations did not differ. These workers have
previously published an analysis of the repro-
ducibility of their signal averaging technique
compared to analysis of the standard electro-
cardiogram, finding that the signal averaging
technique they use (Aerotel HIPEC 200 sys-
tem) was no better than analysis of the stan-
dard electrocardiogram.!* The apparent
disparity between our results, together with
those of Steinberg et al and Klein ez al, and
those of Frost’s group is unlikely to be related
to differences in the patients studied, since we
and Klein et al both studied a very similar
patient group to Frost’s. It seems more likely,
therefore, that these differences are due to the
use of different signal averaging methodology.

The results of our study and those of
Steinberg et al suggest predictive values for the
preoperative signal averaged P wave for post-
operative atrial fibrillation similar to those pre-
viously reported by Buxton ez al for analysis of
the surface P wave from the standard electro-
cardiogram.® These investigators performed an
analysis of P wave duration measured in stan-
dard leads I, II, and III. Total P wave dura-
tion, defined as the time from the earliest atrial
activation to the last P wave signal in any of
these three leads, was moderately predictive of
postoperative atrial arrhythmia, as was the iso-
electric interval (total P wave duration minus
lead II P wave duration). A combination of
prolonged total P wave duration and pro-
longed isoelectric interval predicted atrial fib-
rillation with a sensitivity of 66%, specificity of
70%, positive predictive accuracy of 48%, and
negative predictive accuracy of 83%. The sim-
ilarity of these results, using the standard elec-
trocardiogram, to those achieved by signal
averaged electrocardiography has led to the
suggestion that the more complex and costly
signal averaged electrocardiogram is no better
for prediction of postoperative atrial arrhyth-
mia than the simpler and cheaper standard
test.® However, Buxton’s series was analysed
approximately 13 years before those reporting
the results of signal averaged electrocardiogra-
phy, and contained a greater proportion of
patients who developed atrial flutter than
either our sample or that of Steinberg. Direct
comparisons of the two techniques from these
data alone are therefore likely to be of limited
value.

Both Steinberg er al and Klein ez al mea-
sured P wave duration in lead II of the stan-
dard electrocardiogram, finding it to be
inferior to signal averaged P wave duration for

421

the prediction of atrial fibrillation after CABG.
However, this result can easily be inferred
from Buxton’s original data if only lead II
duration is measured. Frost measured total P
wave duration, but not the isoelectric interval,
finding it to be a better univariate predictor of
postoperative atrial fibrillation than the signal
averaged P wave duration because of an
apparent correlation with patient age. Thus P
wave duration from the standard electrocar-
diogram was not an independent predictor of
postoperative atrial fibrillation when a multi-
variate model including patient age was
employed. In our present investigation we
report a comparison of variables derived from
the signal averaged P wave with those derived
according to the methods described by
Buxton, thereby affording a direct comparison
in the same patient group of the relative clinical
value of the two techniques. Our results show
that the signal averaged P wave is a better pre-
dictor of postoperative atrial fibrillation than
analysis of the surface P wave from the stan-
dard electrocardiogram. Moreover, our data
also suggest that signal averaged P wave dura-
tion is independently predictive of atrial fibril-
lation after CABG, although its predictive
power remains only modest.

It is perhaps surprising that preoperative
signal averaged electrocardiography has any
predictive ability for postoperative atrial fibril-
lation, since very few of the patients in our
series had a history of past atrial arrhythmia.
Previous studies have examined the signal
averaged P wave in patients with documented
atrial fibrillation, finding the P wave to be
longer and to contain greater energy than in
controls.'>!” Increased P wave duration in
patients awaiting CABG therefore seems to
detect a subclinical propensity to atrial fibrilla-
tion that becomes apparent after additional
trigger factors associated with the operation.
As such the preoperative signal averaged P
wave may identify a subgroup of patients who
could be targeted in controlled trials of pro-
phylactic antiarrhythmic treatments. Further
study of the postoperative signal averaged P
wave may be rewarding.

CONCLUSIONS

Prospective analysis of standard electrocardio-
graphy, left atrial diameter from M mode
echocardiography, and the signal averaged P
wave in patients about to undergo elective first
CABG showed that signal averaged P wave
duration was the best predictor of postopera-
tive atrial fibrillation. The diagnostic accuracy
of this test might be sufficient to identify a
group of patients at increased risk of postoper-
ative atrial fibrillation, but using current tech-
niques it is of limited clinical value in
individual patients.
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